Time reversal communication exploits spatial diversity to achieve spatial and temporal focusing in complex ocean environments. Spatial diversity can be provided easily by a vertical array in a waveguide. Alternatively, spatial diversity can be obtained from a virtual horizontal array generated by two elements, a transmitter and a receiver, due to relative motion between them, referred to as a synthetic aperture. This paper presents coherent synthetic aperture communication results from at-sea experiments conducted in two different frequency bands: ͑1͒ 2 -4 kHz and ͑2͒ 8 -20 kHz. Case ͑1͒ employs binary-phase shift-keying modulation, while case ͑2͒ involves up to eight-phase shift keying modulation with a data rate of 30 kbits/ s divided by the number of transmissions ͑diversity͒ to be accumulated. The receiver utilizes time reversal diversity combining followed by a single channel equalizer, with frequent channel updates to accommodate the time-varying channel due to coupling of space and time in the presence of motion. Two to five consecutive transmissions from a source moving at 4 kts over 3 -6 km range in shallow water are combined successfully after Doppler compensation, confirming the feasibility of coherent synthetic aperture communications using time reversal.
In that work, simple on/off keying was employed to minimize complexity and not require coherent demodulation. Furthermore, the motion was almost transverse resulting in a small Doppler shift. In that case, diversity appears to have come from the data being collected in an azimuthally inhomogeneous environment coupled with temporal channel variations between transmissions. Despite its practical significance, we are not aware of any previous work in the literature on SAC.
Based on the initial results reported in Ref. 4 , this paper advances our understanding of SAC by analyzing the data from two experiments ͑FAF-04 and FAF-06͒ where transmissions were carried out in different frequency bands: ͑1͒ 2 -4 kHz and ͑2͒ 8 -20 kHz. Case ͑1͒ involved binary-phase shift-keying ͑2PSK or BPSK͒ coherent modulation, radial motion ͑significant Doppler͒, and transmission design suitable for SAC ͑interleaving͒. On the other hand, case ͑2͒ explores a higher frequency regime more typical for shallow water acoustic telemetry permitting the use of a large bandwidth with high-order constellations up to eight-phase shift keying ͑8PSK͒, achieving the potential of a high transmission rate. The receiver employed is time reversal diversity combining followed by a single channel decision-feedback equalizer ͑DFE͒ with frequent channel updates to accommodate the time-varying channel due to the coupling of space and time in the presence of motion. [5] [6] [7] [8] This paper is organized as follows. Section II describes the FAF-04 SAC experiment conducted in the 2 -4 kHz frequency band. SAC results are presented involving a single receive element and multiple transmissions from a moving source with BPSK modulation. Section III describes the FAF-06 SAC experiment conducted in the 8 -20 kHz frequency band and then demonstrates high data-rate SAC with up to 8PSK modulation.
II. FAF-04 EXPERIMENT

A. Experimental data
The FAF-04 experiment was conducted in July 2004 both north and south of Elba Island, off the west coast of Italy.
3 The SAC data discussed in this paper were collected in a flat region in 118-m deep water north of Elba on July 17 ͑JD199͒. A 32-element vertical receiver array ͑VRA͒ was deployed spanning the water column from 42 to 104 m with 2-m element spacing ͑ϳ4 wavelengths͒. The VRA was moored for stable operation and a single element at 72-m depth ͑in the middle of the VRA͒ is chosen to investigate coherent SAC, as depicted in Fig. 1͑a͒ . The source was suspended from the R/V Alliance at 70-m depth. The ship was moving at a speed of 4 kts away from the VRA such that the virtual horizontal array ͑i.e., source track͒ is endfire ͑as viewed from above͒, resulting in a Doppler shift of −4.7 Hz at the 3 kHz carrier frequency. This is in contrast with the broadside aperture generated by the nearly transverse motion described in Ref. 4 . On the other hand, the radial motion facilitated obtaining distinct Green's functions over a relatively short period of time. The source level was 194 dB re 1 Pa.
This paper analyzes the data collected during the 18-min-long source-tow run from 08:53 to 09:11 UTC on JD199 where the source range increased from 4.4 to 6.4 km. The detailed structure of the transmitted signal is illustrated in Fig. 2 . Each 10-s data packet denoted by the letters ͕a , b , c , d͖ consists of a 100-ms, 2 -4 kHz linear frequency modulated ͑LFM͒ chirp as a channel probe, followed by a 9-s long communication sequence at a carrier frequency of 3 kHz. The symbol rate was R = 1 kbits/ s using BPSK modulation with a total of 9002 bits. Five data packets are concatenated together to form a single transmission with a duration of 50 s in the order ͕a , b , a , c , d͖. The 50-s-long signal then was repeated every minute from the towed source during the entire 18-min run. The interleaving of communication sequences was suggested in Ref. 4 to keep the effective data rate as R e = R / M with M being the number of transmissions accumulated in generating the synthetic aperture. This is accomplished by filling in different data streams during the otherwise idle time between transmissions which are separated long enough to provide distinct ͑uncorrelated͒ Green's functions.
In this paper, each sequence will be treated either independently or combined coherently for synthetic aperture communications. During the 18-min-long source track, a total 90 transmissions were acquired over source ranges of 4.4-6.4 km. The first five channel responses spaced 1 min ͑ϳ120 m͒ are shown in Fig. 1͑b͒ . It should be mentioned that a few transmissions ͑indices 43-45͒ are noisy and will be excluded in the processing.
B. Analysis
The application of time reversal processing to underwater acoustic communications has been studied extensively over the past several years. The receiver employed here incorporates time reversal diversity combining followed by a single channel decision-feedback equalizer with frequent channel updates to accommodate the time-varying channel. 6, 8 Specifically, the receiver structure discussed in Ref. 8 is used for the analysis reported here with two additional components required by SAC to accommodate source/ receiver motion. For each data packet, estimation of the Doppler shift at the carrier frequency is required, followed by resampling of the original broadband received signal. 3 The resulting estimate of the Doppler shifts is shown in Fig. 3 for all 90 transmissions with four different data sequences ͑since a is used twice͒ alternating as in Fig. 2 . The time-varying Doppler shift is around −4.65 Hz with a general decreasing trend in magnitude over time. A constant Doppler shift is assumed within each 10-s transmission and the residual Doppler shift is compensated for by a phase tracking algorithm in the demodulation process.
We first examine the performance of individual transmissions and then coherently combine multiple transmissions of the same sequence of data packets using time reversal to investigate the performance of synthetic aperture communications. Frequent channel updates using previously detected symbols will be conducted prior to time reversal combining, followed by a single channel adaptive DFE. 8 The performance of each single transmission/reception ͑M =1͒ over the 18-min observation interval is shown in Fig.  4 ‫.͒ؠ͑‬ Note that the output SNR closely follows the input SNR ‫.͒ء͑‬ Recall that the three noisy receptions around 8 -9 min are excluded in the processing. Due mostly to the high input SNR ͑i.e., 15-25 dB͒, however, even single receptions alone provide good performance ͑10-15 dB͒. To explore SAC, we add ambient noise recorded separately during the experiment to the individual receptions in order to lower the input SNR to approximately 3 dB. Thus, a single transmission/reception alone results in poor performance.
The results of coherent time reversal SAC are shown in Fig. 5 as a function of the number of receptions combined ͑M͒ for the five different data streams ͕a , b , a , c , d͖ ͑see Figs. 2 and 3͒. These results corresponded to the initial reception at approximately 4.4 km. However, similar results were obtained through the entire range of transmissions ͑4.4-6.4 km͒. The overall performance is improved significantly, especially when two ͑M =2͒ or three ͑M =3͒ transmissions are combined together. Note that there is a minimal increase in output SNR for sequence b after M =4 ‫.͒ؠ͑‬ Although not shown here, even two receptions of sequence a spaced only 20-s apart ͑ϳ40 m͒ provided a 5-dB output SNR, suggesting that the radial motion facilitates achieving spatial diversity over a relatively short period of time. A fractionally sampled ͑K =2͒ adaptive DFE is employed. The number of feedforward and feedback equalizer taps are ͑80, 40͒ as compared to ͑120, 60͒ when M =1 ͑Fig. 4͒, due to the temporal compression achieved from time reversal diversity combining.
III. FAF-06 EXPERIMENT
A. Experimental data
The FAF-06 experiment was carried out June 21 to July 11, 2006, south of Elba Island. The SAC data discussed in this paper were collected on June 28 between a towed source and a fixed VRA. The source was an ITC-3013 transducer with an available bandwidth of 8 -20 kHz. It was towed at about 4 kts over 3. 4-4. 2 km range at 60-m depth in 100-m deep water with the source level of 185 dB re 1 Pa. The VRA was deployed in 92-m water and consisted of 16 elements spanning a 56.25 m aperture with 3.75-m spacing. 9 Two aspects of this experiment were different from our earlier FAF-04 SAC experiment. First, a higher frequency band was utilized which enabled our exploring a higher transmission rate with high-order modulations up to 8PSK ͑3 bits/symbol͒. Specifically, we investigated two different symbol rates: ͑1͒ 10 ksymbols/ s using the full-band ͑8-20 kHz͒ centered at 15 kHz and ͑2͒ 5 ksymbols/ s using half the bandwidth ͑8-14 kHz͒ centered at 11 kHz. The corresponding Doppler shifts were estimated to be about −19 and −15 Hz, at the respective center frequencies. Second, a raised-cosine filter is employed as the symbol shaping filter rather than the rectangular window used in FAF-04. For the raised-cosine filter, the signal bandwidth is controlled by a roll-off factor ͑i.e., ␤ = 0.2 for both symbol rates͒. 10 Similar to FAF-04, six different data packets are concatenated together to form a single transmission with a duration of about 1 min. The order of the packets is ͕BPSK, QPSK, 8PSK͖ at half-band, followed by ͕BPSK, QPSK, 8PSK͖ at full-band. Each data pack is 8-s-long including a LFM channel probe which is useful for Doppler estimation via phase tracking and channel synchronization.
3 The 1-min-long signal then was repeated every minute from the towed source. A single element of the VRA at about 60-m depth ͑Ch 11͒ is chosen as the receiver with an input SNR of about 20 dB. An example of the channel response using the full bandwidth spaced 1-min apart ͑ϳ120 m͒ is shown in Fig. 6 , indicating less than 5-ms channel delay spread. In this case, the intersymbol interference spans about 50 symbols. A samplespaced ͑K =1͒ adaptive DFE is employed after diversity combining and the number of taps for the feedforward and feedback filters is 30.
B. Analysis
The performance of high-frequency coherent SAC is displayed in Fig. 7 in terms of output SNR versus the number of receptions combined ͑M͒ for three different modulations ͑BPSK, QPSK, and 8PSK͒ using the full bandwidth available ͑denoted by F͒. In addition, the result of 8PSK modulation using only half the bandwidth ͑denoted by H͒ is included for comparison purposes. There are three important observations. First, the performance improves with coherent combination of multiple transmissions ͑M͒ as in Fig. 5 and remains consistent for a given M over different modulations, suggesting that a high-order constellation can be exploited to increase the data rate. In particular, 8PSK modulation can provide an effective data rate of 30/ M kbits/ s. Second, for a single reception ͑M =1͒ only BPSK modulation results in reasonable performance. On the other hand, the results in Fig. 7 confirm that diversity combining ͑M Ͼ 1͒ is essential to mitigate channel fading. Finally, the performance of 8PSK using half the bandwidth available ‫͒ء͑‬ shows better performance ͑1-2 dB͒ over 8PSK using the full bandwidth available ‫͒ؠ͑‬ at the expense of lower transmission rate ͑5 ksymbols/ s͒, indicating a trade-off between data rate and performance which is beyond the scope of this paper.
IV. SUMMARY AND CONCLUSIONS
Time reversal communications exploits spatial diversity to achieve spatial and temporal focusing in complex ocean environments. Spatial diversity easily can be provided by a vertical array in a waveguide. Alternatively, spatial diversity can be obtained from a virtual horizontal array generated by two elements, a transmitter and a receiver, due to relative motion between them, referred to as a synthetic aperture. This paper investigated the feasibility of coherent synthetic aperture communications through the analysis of data from two experiments conducted in different frequency bands, 2-4 and 8 -20 kHz. Two to five consecutive transmissions from a source moving at 4 kts over 3 -6 km range are combined successfully after Doppler compensation, confirming the feasibility of coherent synthetic aperture communications using time reversal. In particular, the large bandwidth ͑8-20 kHz͒ coupled with 8PSK modulation provided an effective data rate of 30/ M kbits/ s at about 3.5 km range in shallow water. 
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